Abstract Along the Louisiana, USA continental shelf, sandy shoals are shallow, possibly oxygen-rich ''islands'' surrounded by deeper muddy deposits prone to hypoxia. Shoals also contain significant quantities of fine sand that may be mined in the future for coastal restoration. The ecological role of shoals remains poorly understood and we hypothesized that shoals provide critical habitat for benthic invertebrates. Using Ship Shoal as a model system, we assessed the diversity and structure of macrobenthic assemblages and how community structure varies with season and environmental parameters. High biomass (averaging 26.7 g m -2
Introduction
Recently, sandy shoals of the US continental shelf have received increased attention because they have been identified as potential exploitable sand deposits (Drucker et al. 2004) . This is especially true for the Louisiana coast where a single shoal (Ship Shoal) is considered one of the largest sand sources in the Gulf of Mexico (Drucker et al. 2004) , containing 1.6 billion cubic yards of fine sand intended for beach reinforcement and coastal stabilization projects designed to prevent coastal erosion due to storm damages and prevent wetland loss due to anthropogenic disturbances that induce sea-level rise (Michel et al. 2001 ). This increased interest in shoals highlights the observation that the benthic and nektonic composition of shoals is less well studied than other continental shelf environments . Faunal composition may be important to predicting recovery after sand-mining and to understanding ecological relationships on shoals. For example, benthic invertebrates are directly related to the sediment they inhabit (Gray 1974; Snelgrove and Butman 1994) , and any sand-mining activity or associated human-related change in sediment features may negatively affect the resident community and consequently impact trophic relationships within these communities. It is thus of primary importance to identify and characterize macroinfaunal benthic assemblages associated with potential sand-mining sites.
The macrobenthos of some Louisiana-Texas shoals (i.e. Sabine and Healds Shoals) have been recently investigated (Cheung et al. 2006) but these studies and a recent macrobenthic survey of Louisiana in-shore and off-shore waters (Baustian 2005) did not include Ship Shoal, partly because its shallow depth has discouraged access by large research vessels. A habitat specific survey of the epifauna and fish fauna of several sandbanks off the Welsh coast (UK) revealed that sandbanks were characterized by a unique (although low diverse) epifauna and fish assemblages (Kaiser et al. 2004) . But the authors also stated that sandbanks are difficult habitats to sample and may have been overlooked by biologists. Ship Shoal's benthic species assemblages might be used as a food source for numerous fishes or large crustaceans that permanently or temporarily forage on this shoal, as suggested by Thouzeau et al. (1991) for the Georges Bank, northeast coast of the United States. In addition, because of its location in the north central Gulf of Mexico, and unlike the continental shelf off of western Florida, Ship Shoal is surrounded by muddy soft-bottoms affected by seasonal hypoxia events that causes drastic decreases in abundances of benthic species inhabiting this ''dead zone'' (Rabalais et al. 1994; Justic et al. 1996) . It is unknown whether benthic populations living on Ship Shoal are affected by hypoxic events. It is possible that Ship Shoal may serve as an hypoxia refuge for benthic populations or as a faunal reserve from which larvae, juveniles and/or adults may disperse and recolonize the surrounding hypoxic area when normoxia returns.
The overall objectives for this study are thus to better understand the potential role Ship Shoal plays in the Louisiana's coastal ecosystem, and to address the potential effects of sand-mining on the benthic community. Our approach is to describe spatial and seasonal variations in diversity and structure of macrobenthic assemblages associated with Ship Shoal over a relatively fine-scale latitudinal and longitudinal gradient and to link community patterns with variation in environmental parameters.
On a broader scale, there is an increasing awareness of the ecological implications of sand and gravel mining from land, river, and coastal-ocean systems (i.e., Peckenham et al. 2009; Pempel and Church 2009; Zeppelini et al. 2009 ). Though sand mining has historically been associated with road and building construction, it has become one of the preferred approaches in beach nourishment projects, despite the likelihood of broad ecological impacts on both the extracted and receiving sites and the ephemeral beach-restoration expectations (Defeo et al. 2009 ). Demands on coastal-ocean sand supplies are likely to increase as human occupation of the coastal zone and sea level continue to rise, and land-based sand-supplies decline. Lessons learned from careful studies of the impacts of current coastal-ocean sand mining operations could prove valuable as extractions of other marine minerals begin and increase (e.g., Rona 2008) .
Materials and methods

Study site
Samples were taken from 21 stations on Ship Shoal, located in the north-central Gulf of Mexico approximately 20 km off-shore from Terrebonne Bay and Isles Dernieres, Louisiana (28°54.092N, 91°00.989W). The shape of this shoal is elongated, parallel to the shore. It spans a 50 km distance along the east-west dimension and 1-10 km along the north-south dimension (Fig. 1) . Based on depth contours available on existing sea charts, stations were chosen according to an east-west distribution with three main north-south (latitude) transects, one in the east (stations 15-16-17) , one in the west (stations 23-22-21) , and one in the middle (stations 24-25-26) . Other stations were distributed along the spine (longitude) of this sandy shoal in three main groups: east stations from station 18 to station 13, middle stations from station 12 to station 09 and 10, and west stations from stations 07 and 08 to station 01 and 19. The general bathymetry of the shoal is related to east-west and north-south gradients: the western region is the shallowest (ca. 4 m) and the depth increase toward the east (ca. 10 m). A north-south transect across the shoal shows that the northern edge is well-defined with sharp slope while the slope of the southern edge is more gentle with depth increasing slightly from the spine-i.e., middle-of the shoal toward the south, making the definition of the southern edge difficult to discern.
Field sampling
Samples were collected during three cruises in 2006 using the Louisiana Universities Marine Consortium (LUMCON) Research Vessel ''ACADIANA'': May (21-24; Spring), Summer) and October the 30th and November the 1st (Autumn). Because of inclement weather, only 16 stations were sampled in October. Macrofauna was collected using a GOMEX box corer which has been shown to efficiently sample muddy and very fine to fine sandy sediments (Boland and Rowe 1991) . Three replicates of 900 cm 2 (30 9 30 cm) were taken at each station, for each of the three cruises. Subsamples for Biodivers Conserv (2009) 18:3759-3784 3761 sediment analysis and chlorophyll a sediment content were extracted from each box core with a 3 cm diameter cylinder over ca. 5 cm depth. Sediment samples were frozen until ready for analysis. Water characteristics (temperature, salinity, dissolved oxygen = DO) were monitored ca. 1 m above the bottom. Box core samples were sieved at sea on a 500 lm sieve using seawater. Retained organisms, including sediment, was fixed and preserved in 5% buffered formalin and returned to the laboratory.
Laboratory analysis
In the laboratory, macroinvertebrates were sorted to major taxon (i.e., polychaetes, mollusks and others) and transferred to 70% ethanol. Bivalve and gastropod shells were examined for the presence of tissue. Wet weight of each group (shells included for mollusks and crustaceans) was taken before all individuals were sorted, identified to the species level (or the lowest practical taxonomic level) and enumerated. Species were classified into five feeding-guilds: (1) suspension-feeders, (2) surface deposit-feeders, (3) interface feeders (i.e., species which can switch from suspension-feeding to surface deposit-feeding), (4) sub-surface deposit-feeders, (5) predators or scavengers/detritivores, based on taxonomic affiliation of families after Fauchald and Jumars (1979) for polychaetes, Yonge and Thompson (1976) for mollusks, Lecroy (2000) for amphipod Pechenik (2005) for other taxonomic groups. Some nematodes and planktonic copepods were retained but were excluded from analysis following RzeznikOrignac et al. (2004) . Sediment particle size analysis was conducted for each station. Sediment samples were washed with distilled water through a 63 lm sieve to separate sand from silt and clay and to dissolve NaCl particles that may agglomerate smaller particles. The fraction \63 lm was collected in a bowl with water and allowed to settle for 72 h. The water was then siphoned and the silt/clay fraction dried to constant weight in an oven at 60°C, then weighed. The sand fraction was dried to constant weight in an oven at 60°C, and placed on a Ro-Tap sieve shaker for 3 min (21 sieves from 2 mm-63 lm mesh size with U intervals). The fraction retained on a 2 mm mesh size is the gravel fraction (consisting mostly of shell debris). The average particle size and the sorting index r were determined using the Folk and Ward (1957) method. Results were processed by the Gradistat software (Blott and Pye 2001) .
Statistical analysis
Data were analyzed using univariate and multivariate methods. Macrofauna species diversity was estimated using species richness and Hill's (1973) (Simpson 1949) ; N1 is sensitive to the number of medium-density species whereas N2 is sensitive to the number of very abundant species (Whittaker 1972) . Species richness-i.e., the number of different species-is also called N0, consistently with N1 and N2 indices. These indices are well suited to the analysis of diversity of benthic macrofauna communities and, together with the equitability index J 0 (Sheldon 1969) , are recommended by Gray (2000) to measure heterogeneity of marine coastal diversity.
One-way ANOVA was used to test for geographic and seasonal trends in species richness, diversity indices, and species abundances. Cochran's test was used to determine homogeneity of variances and, if necessary, data were log e (x ? 1) transformed. When parametric ANOVA testing was acceptable, the Student-Newman-Keuls (SNK) test was used for multiple comparisons. As recommended by Hsu (1996) , post-hoc comparisons were performed using Tukey HSD tests. A significance level of P \ 0.05 was used in all tests.
Differences in the composition of the macrofaunal assemblages between sites were determined using non-metric multidimentional scaling (nMDS) and cluster analysis (group average mode), followed methods of Clarke and Warwick (1994) , using the Primer package (Clarke and Gorley 2001) . Unstandardized multivariate data were log e (1 ? x) transformed to downweigh the importance of the very abundant species, and similarity matrices were calculated with the Bray-Curtis similarity index. The statistical significance of differences among sites was assessed using analysis of similarities (ANOSIM), a nonmetric method based on randomization of rank-similarities among all samples and multiple pair-wise comparisons (Clarke 1993) . To build the matrix, species occurring in less than 5% of the samples, and with only one individual, were excluded. To identify within two different sample groups which species primarily accounted for the observed assemblage differences, SIMPER (similarity percentage) routines were performed using a decomposition of Bray-Curtis dissimilarity on log e (x ? 1) transformed abundance data. Species were listed in decreasing order of their importance in discriminating the two sets of samples (Clarke and Gorley 2001) .
Two approaches were use to link environmental parameters-i.e., depth (m), sediment grain size (mean grain-size, sorting index), silt/clay and gravel (%) content, bottom DO (mg l -1 ) and chlorophyll a (mg Chl a g sediment -1 ) sediment content-with the Ship Shoal macrobenthic community: (1) pair-wise regressions were used between environmental parameters and descriptors of benthic community (i.e., N0, N1, N2, taxonomic biomass or mean species abundances) to explore if the variation in one environmental parameter followed the variation in species richness and (2) multivariate BIOENV procedures (see Clarke and Ainsworth 1993 for details) were used to determine how spatial patterns in multivariate invertebrate community structure were related to spatial patterns in multivariate environmental structure, i.e., to what extent observed biological patterns fit with variations in environmental parameters.
Results
General description
A total of 29331 macrofaunal individuals in 161 species were collected from Ship Shoal during the three cruises (see ''Appendix''). Polychaetes represented 45% (72 species) of the total species number, following by crustaceans (28%, 46 species) and mollusks (17%, 27 species). Other taxa (nemerteans, sipunculids, anthozoans etc.) represented 10% (16 species). Global species richness exhibited a sharp decrease from spring to autumn, together with the mean species richness (P \ 10 ). Except for a significant difference between N1 in autumn and N1 in spring or summer (P \ 0.003), heterogeneity indices and equitability did not exhibit seasonal variation (Table 1 ). In terms of abundances, polychaetes and crustaceans predominated the Ship Shoal community with mean abundances between 1500 and 2000 individuals m -2 in spring (Fig. 2 ). Within these two taxonomic groups, spionids and amphipods were respectively the largest component, representing more than 50% of individual polychaetes and 80% of the crustaceans. Amphioxus Branchistoma floridae (Cephalochordata) abundance peaked in summer. Community mean biomass (wet weight) followed the same pattern, from 40.55 g m -2 (SE = 5.22) in spring to 21.77 g m -2 (SE = 2.88) in summer and 15.44 g m -2 (SE = 3.22) in autumn (Fig. 3 ). While this decrease in biomass occurred throughout the year for polychaetes, it was not significant between summer and autumn for mollusks or between spring and summer for other taxa.
In terms of the measured environmental parameters, Ship Shoal constituted a relatively homogenous sandy habitat (Table 2 ). Sediment analysis revealed that the sediment in all . Results of one-way ANOVA for each measurement, where same letters indicate non-significant differences at P level = 0.05 21 stations was well or very well sorted and unimodal. Sediment is classified as sand or slightly gravelly sand for the most eastern stations (stations 14-18). Silt/clay (i.e., particles \63 lm) and gravel (i.e., particles [2 mm-primarily shell fragments) were very low at each station. Mean grain size, smaller in the western part of the shoal and larger in the eastern, was significantly inversely correlated in spring with N0 (r = 0.722; P \ 0.001), N1 (r = 0.477; P \ 0.05), N2 (r = 0.421; P \ 0.05) and species abundances (r = 0.601; ; mean ± SE) of polychaetes, mollusks (including shells) and other taxonomic groups according to seasonality. Core cross-sectional area = 0.09 m 2 . Letters a, b and c refers to statistical differences between the 3 seasons for total biomass, polychaetes, mollusks and others Gravel content (%) 0.0-3.7 0.5 ± 1.0 0.1-11 1.2 ± 2.6 0.1-11.8 1.4 ± 3.1
12.0-120.1 41.8 ± 27.4 2.7-122.0 37.0 ± 31.5 1.8-94.0 30.2 ± 21.8
Dissolved oxygen (mg l -1 ) 2.0-8.4 6.1 ± 1.5 4.5-8.3 6.3 ± 1.1 6.3-7.2 6.9 ± 0.3
Biodivers Conserv (2009) 18:3759-3784 3765 P \ 0.01). The DO at the sediment surface was also correlated with N0 (r = 0.596; P \ 0.01) and species abundances (r = 0.670; P \ 0.01) in spring. Dissolved oxygen and sediment grain size were autocorrelated (r = 0.569; P \ 0.01). No significant relation was found between environmental parameters and any diversity indices in summer or autumn. Significant differences in diversity and abundances between western, middle and eastern stations of Ship Shoal, as well as between northern and southern stations (ANOVA ;  Table 3 ) were observed. More precisely, species richness was significantly higher in the southernmost stations of the shoal in spring (P = 0.032), summer (P = 0.002) and autumn (P = 0.030) than in the middle or in the northernmost stations. Spring variations in global SR (i.e., total number of species for one station) and mean SR within the three transects across the shoal showed that both global and mean SR were higher at the southernmost stations (i.e., 17, 26 and 21) (Fig. 4) . The same pattern was indicated in summer and autumn. Mean species abundances were significantly higher in the southern edge in spring (P = 0.018), summer (P \ 10 -6 ) and autumn (P \ 1.16 9 10 -4 ) but were also significantly higher in the western region in spring (P = 0.004), summer (P \ 10 -6 ) and autumn (P = 1.13 9 10 -4 ) than in the central or in the eastern region of the shoal. N1 and N2 SR species richness (N0), N1 and N2 = heterogeneity of diversity. Post hoc columns indicated results of post-hoc comparisons between E (east), M (middle) and W (west) or between N (north), M (middle) and S (south), with ''='' indicating non-significant difference and ''\''indicating significant difference at P level = 0.05 indices exhibited more seasonal differences; in spring, both indices were significantly higher toward the west (N1, P = 7.2 9 10 -5
; N2, P = 4.0 9 10 -4
) and the southern edge (N1, P = 0.012; N2, P = 0.029) but both indices only exhibited a significant north-south gradient in summer (N1, P = 6 9 10 -4 ; N2, P = 4.4 9 10 -6 ) and no significant variation in autumn. While total biomass showed no significant variation, polychaete biomass was significantly higher in the west and south in spring (P = 0.013 and P \ 10 -7 , respectively) and in summer (P = 0.026 and P = 3 9 10 -4 , respectively) ( Table 3) .
Macrofaunal benthic assemblages
Annual variability
Cluster analysis of the macrofauna abundance data showed a strong seasonal effect in sample composition (Fig. 5) , supported by ANOSIM (global R = 0.684; P \ 0.001; Table 4 ). SIMPER results (Table 4) comparing seasons showed that a small number of species contributed most to the dissimilarity among seasons: the amphipods Acanthohaustorius sp. A and Protohaustorius bousfieldi, the polychaetes Spiophanes bombyx and Dispio uncinata, and the amphioxus Branchiostoma floridae. These species had a very high frequency of occurrence in samples each season but exhibited strong decreases in abundances, especially between spring and summer, with the exception of the amphioxus B. floridae which was more abundant in summer. Many species contributed to a smaller extent to the discrimination between spring and other seasons because they had low abundances and high frequency of occurrence in spring but occurred only in a few stations in summer and autumn. This was mainly the case for polychaetes such as Scolelepis texana, S. squamata, Paraprionospio pinnata, Spiochaetopterus costarum, Phyllodoce mucosa. In addition to B. floridae, a few species with a high frequency of occurrence were more abundant in summer, such as the polychaetes T. spinosa and Eupolymnia nebulosa or the nemertean Micrura leidyi. The polychaete Paramphimone sp. B and the shrimp Acetes americanus occurred almost exclusively in autumn. A few species, the polychaetes Neanthes micromma and Nepthys simoni, the gastropod Oliva sayana, the hermit crab Pagurus annulipes and the mole crab Albunea paretii, did not vary through the spring, summer or autumn with a high frequency of occurrence throughout.
Spatial distribution in spring, summer and autumn
Cluster analyses also showed a clear difference in species assemblages among samples from the same season (Fig. 6 ). SIMPER analyses revealed that in spring (global R = 0.564; P \ 0.001) and summer (global R = 0.323; P \ 0.001), samples from eastern, middle and western regions differed from each other mainly because of changes in species abundances. SIMPER also showed that discrepancies in species composition were predominately found between the eastern and the rest of the shoal, as the middle and western regions were similar in species composition. The MDS stress around 0.2 gives a useful 2-dimensional picture but an increase in MDS stress from 0.16 to 0.23 between spring and autumn is mainly due to the replicates without amphioxus B. floridae that contributed for the largest part to the similarity between each station for summer and autumn. In spring, the amphipod Acanthohautorius sp. A and spionids Spiophanes bombyx and D. uncinata contributed most to the dissimilarity among regions but also most to the similarity within each region. Amphipod species contributed the most to changes in species composition across the whole of the study area: P. bousfieldi occurred almost only in western stations, while Hartmanodes ranyei, Microprotopus ranyei and Ampelisca sp. C were more abundant in the middle and western stations.
In summer, the amphioxus B. floridae, the amphipod Acanthohautorius sp. A and the polychaete Prionospio (Apoprionospio) pygmaea contributed most to the dissimilarity between regions but also most to the similarity within each region. Polychaete species contributed most to the discrimination between groups: Euplolymnia nebulosa, Scoloplos sp. B, Tharyx annulosus dominated abundances in the western stations, Thalenessa spinosa was more abundant in the middle region and Nereis falsa, N. micromma and Travisia hobsonae in the eastern region. In autumn, similarity indices decreased, as displayed by the greater scatter in the MDS plots of stations (Fig. 6 ). This is due to larger discrepancies between species composition of the samples between and within individual stations. As in summer, the amphioxus B. floridae and the amphipod Acanthohautorius sp. A were the two structuring species. Also, P. bousfieldi occurred mostly in the western stations, and the polychaetes Magelona sp. A and Magelona sp. H occurred mostly in the northern and in the southern stations, respectively.
Though east-west changes were found, a high similarity threshold was also found between all northern and all southern stations from the three transects (46.33, 36.77% and 29.84, 34 .14% for spring and summer respectively, Fig. 6 ). While this result was supported by diversity indices, this was also due to species that exhibited higher abundances in the southern stations, such as the polychaetes Owenia fusiformis, M. californiensis, T. annulosus, Magelona sp. H, S. bombyx, Scoloplos sp. B., P. pinnata or higher abundances in the northern stations such as the polychaetes N. simoni and Magelona sp. A or the cumaceans Oxyurostylis smithi and Cyclaspis varians.
BIOENV procedures showed that variations in macrobenthic assemblages were best matched by a combination of three or four environmental variables in spring, that were depth/grain size/% gravel (Spearman correlation = 0.687) or depth/grain size/% gravel/ DO (Spearman correlation = 0.682). In summer, depth provided the best match (Spearman correlation = 0.505). No significant correlations were found in autumn.
Feeding guilds
Species that are able to switch between suspension-feeding and surface deposit-feeding dominated the trophic guild in spring (47%), and exhibited a decrease in summer (31%) A schematic of the shoal is provided to illustrate the position of the stations on the east-west and north-south transects (see Fig. 1 and description of study site for details). Ordination was based on unstandardized logtransformed abundances matrix and autumn (30%) (Fig. 7) . True suspension-feeders almost disappeared in autumn while the dominance of species relying on deposit-feeding varied but did not decrease. Only the dominance of predators/scavengers increased with seasons, from 8% in spring to 30% in autumn. In spring, abundance in sub-surface deposit-feeders were positively correlated with water depth (r = 0.545; P \ 0.01) and % silt/clay (r = 0.524; P \ 0.01) but negatively correlated with sediment mean grain size (r = 0.471; P \ 0.05). On the contrary, abundance of surface deposit-feeders was negatively correlated with water depth (r = 0.747; P \ 0.001) and % silt/clay (r = 0.538; P \ 0.01). In summer, abundance in sub-surface deposit-feeders was positively correlated with water depth (r = 0.451; P \ 0.05) and abundance in surface deposit-feeders was negatively correlated with depth (r = 0.427; P \ 0.05). Abundance in suspension-feeders or interface-feeders was positively correlated with chlorophyll a sediment content (r = 0.523; P \ 0.05).
Discussion
Sandbanks and sandy shoals occur on continental shelves, in coastal embayments and in estuaries throughout the world. Their associated mineral deposits represent potentially valuable resources to help mitigate coastal erosion and to supply the raw material for beach reinforcement and coastal stabilization projects (Michel et al. 2001 ). Demands on coastalocean sand supplies are likely to increase as both human occupation of the coastal zone and sea level continues to rise, and as land-based sand-supplies decline. Although a large number of studies have examined sandbank formation, modeled sediment transport, and evaluated the importance of shoals to local hydrodynamic conditions (e.g., Berthot and Pattiaratchi 2004) , few ecological studies have examined the functional value of these high-relief structures in their ecosystems, especially in terms of biodiversity and associated ecological services. Even so there is a growing awareness of the potential impact of sand and gravel mining, to both the extracted and receiving sites, in coastal-ocean systems (Baustian et al. 2009 ). More generally, shoals exhibit a unique physical regime, leading to special hydrodynamic and sedimentary patterns and to distinct species assemblages. But the extent to which associated fauna is distinct from surrounding environments is poorly known (Kaiser et al. 2004) . A significant number of species not reported previously for the Louisiana continental shelf were found on Ship Shoal. Uebelacker and Johnson (1984) provided a distribution range of polychaete species occurring on a large portion of the outer continental shelf of the northern Gulf of Mexico, e.g., south Texas (Texas), central Louisiana (Louisiana) and Mississippi-Alabama-west Florida (Florida) outer shelves. Based on that comprehensive work, we report that 50% of the polychaete species found on Ship Shoal (35 species) were recorded either from the Florida continental shelf only (23 species) or from both the Texas and Florida continental shelves (12 species). Thus half of the Ship Shoal polychaete species had not been recorded for the Louisiana continental shelf. While most of these polychaete species had a low density and widely scattered distribution on Ship Shoal (e.g., Streptosyllis pettiboneae, Myriowenia sp. A, Anaitides groenlandica), a few species (P. mucosa, T. spinosa, N. falsa or N. simoni) exhibited high frequency of occurrence with low density (ca. 10 individual m -2 ). The Ship Shoal community appears to be a melange of species. Among species found throughout the year, with a high frequency of occurrence, mole crabs Albunea paretii and amphioxus B. floridae best typified the very fine-sand shoal community and comprised most of the biomass. In this Albunea-Brachiostoma community, defined based on the two ubiquitous species which constitute the majority of the biomass on the shoal, we typically found the polychaetes Nephtys simoni, N. micromma, D. uncinata and Magelona sp. A, the amphipod Acanthohautorius sp. A and the burrowing shrimp Ogyrides alphaerostris. They constituted the basis of the sandy shoal community, which exhibited variation according to seasons or according to on-shore or off-shore influences. As expected, the shoal community is typified by species that are adapted to changes in hydrography and are able to re-burrow rapidly when washed out of the sediment during a storm event. Moreover, Nephtyid or Magelonid polychaetes distinguish the fauna of sandbanks in the North-Sea (Vanosmael et al. 1982) .
The occurrence of amphioxus (B. floridae) has been reported in sandy-shore macrobenthic community of barrier islands to the west of the Mississippi river (Hefley and Shoemaker 1952; Rakocinski et al. 1998 ), but this is the first report of high abundances of amphioxus (up to 1250 individuals m -2 ) off the Louisiana coast. In the spring, most individuals were large ovigerous females. In the summer, many juveniles were present, suggesting Ship Shoal is a locally important habitat for reproduction and early summer recruitment. The findings presented here strongly suggest that Ship Shoal in particular and Louisiana sandy shoals in general play an important role in the marine landscape ecology of the northern Gulf of Mexico, by aiding dispersal and gene flow of benthic species over large spatial scales. The sediment characteristics of Ship Shoal are similar to that of the Florida shelf (Posey et al. 1998) . In addition, a recent large-scale study of current circulation in the northern Gulf of Mexico (Ohlmann and Niiler 2005) found a strong interregional connectivity, especially during passage of tropical storms that allowed particles to cross the Florida-Louisiana shelf-break and the Mississippi river outflow. Thus, Ship Shoal represents a suitable area along the Louisiana coast for larvae to settle and for a diverse group of species adapted to life in fine sand to survive and develop.
More locally, Ship Shoal may serve as a source pool for recruitment of benthic invertebrate larvae and adults to surrounding areas affected by seasonal hypoxia. Powilleit and Kube (1999) found rapid recolonization by adult benthic macrofauna from an undisturbed shallow coastal area with high macrofauna density to an area moderately affected by hypoxia in the Pomeranian Bay in the Southern Baltic Sea. Ship Shoal may provide the same function as abundances of benthic invertebrates on the hypoxia affected areas of the Louisiana shelf increase after hypoxia ends (Rabalais et al. 2001) . In addition, a study designed to study hyperbenthic (=suprabenthic) species assemblages of subtidal sandbanks in the North Sea, Dewicke et al. (2003) hypothesized that sandbanks might also sustain nursery areas for several fish and crustacean species. Molecular tools would be of primary interest in testing hypotheses regarding gene flow and dispersal.
Is Ship Shoal a diversity hotspot?
Few authors have focused specifically on sandbanks, employing multiple collections with quantitative sampling devices (Kaiser et al. 2004 ). In the present study, the overall species richness of macrobenthos on Ship Shoal totaled 118 species (with a mean per sample of 23.71 ± 1.05). Benthic assemblages over a large sampling area off the central coast of Louisiana surrounding Ship Shoal showed that the mean species richness for summer was 19.1 ± 2.3 (Baustian et al. 2009 ). This investigation covered a much broader area (ca. 4,000 km 2 ) than the present study (ca. 200 km 2 ) and encountered a greater habitat variety (muddy substrata through gravelly soft-bottoms). One would thus expect the offshoal species richness to be comparatively much higher than Ship Shoal for a similar number of stations (Rosenzweig 1995) . A comparable study was conducted on the Kwinte Bank in the Belgian coastal waters on the area where the sediment is composed of coarse to fine grained sand (Vanosmael et al. 1982) . The Kwinte Bank was found to be more specious than the surrounding habitat composed of finer grained sediment and considered a ''biogeographical island'' located within the transition zone between the coastal zone and open sea.
In addition, Baustian (2005) studied seasonal variation in macrobenthic community at one particular site that typifies muddy soft-bottom environments surrounding Ship Shoal (ca. 10 km off Ship Shoal). This seasonal survey provides a relevant comparison of seasonal patterns with the present study. It showed a similar decrease in species richness and abundances from spring to autumn: mean SR ranged from 14 to 4 species between May and October, while the range was 33-13 species for the same months in Ship Shoal sediments. Thus, Ship Shoal appears to maintain a higher number of species than nearby locations on the Louisiana shelf. Biodiversity in benthic communities is often linked with many environmental factors, of which sediment characteristic is of primary importance (Gray 1974) . Traditionally, infaunal species richness is lower in muddy communities than in sandy community but heterogeneous sands have typically more species than well-sorted mobile sands, which are characterized by dominance of polychaetes and amphipods (e.g., Van Hoey et al. 2004) , as found in Ship Shoal.
Significant variation in species diversity occurred over a small latitudinal gradient (less than 10 km) between the northern and southern edges of Ship Shoal (biodiversity in southern stations was higher). This north-south gradient is characterized by the higher abundances of large tube-building polychaete species at stations close to the southern edge in deepening water. For example, average abundances for the main tube-building species Onuphidae Diopatra cuprea and Onuphis eremita occulata and Oweniidae O. fusiformis were 6.17 ± 6.17, 74.03 ± 20.38 and 513.67 ± 482.31 individuals m -2 for the southern edge, versus 0, 4.90 ± 3.23 and 54.33 ± 54.33 individuals m -2 for the northern edge, respectively. These tube-builders contribute to the high diversity on Ship Shoal compared to nearby non-shoal habitats. Tubes that protrude several cm above the sediment surface are known to increase surface heterogeneity and provide habitat for other small invertebrates (Zühlke 2001; Dubois et al. 2002) , as well as settlement surface for larval and postlarval benthic organisms (Qian and Chia 1991) . This last hypothesis was supported by high densities of spionid and oweniid juveniles in southern samples (e.g., up to 1478 ± 475 juveniles m -2 of O. fusiformis in the station 21, Fig. 1 ). Baustian's (2005) seasonal study off Ship Shoal showed that, while polychaetes dominated (ca. 50%) throughout the year, mollusks were the second most important taxonomic group (24% in May, 45% in August and 38% in October). Nuculana acuta, Natica pusilla and Abra aequalis were particularly abundant in Baustian's study but were found on Ship Shoal in very low abundances (less than 3 individuals m -2 ). We found that mollusks represented \3% of the macroinfauna on Ship Shoal, but that crustaceans, and especially amphipods, were almost as abundant as polychaetes (even more abundant in spring), while it is traditionally assumed that polychaetes are the most diverse and dominant taxonomic group in most marine and estuarine environments (e.g., Hutchings 1998).
Is Ship Shoal a local refuge from seasonal hypoxia? Ship Shoal is situated within one of the largest hypoxic areas in the world (Rabalais et al. 2001) . Mid-summer surveys from 1993 to 2000 revealed severe and persistent hypoxia (i.e., DO \ 2 mg l -1 ) on the inner-to mid-Louisiana continental shelf (Rabalais et al. 2001 ). Yet, our estimates of bottom DO concentrations over the entire shoal were fairly high and constant in spring (6.1 ± 1.5 mg l -1 ), summer (6.3 ± 1.1 mg l -1
) and autumn (6.9 ± 0.3 mg l -1 ), with only one spring sample reaching 2.0 mg l -1 . Amphipods occurred in very high abundance and diversity over Ship Shoal, with a total of 20 species identified. Acanthohaustorius sp. A, P. bousfieldi, Ampelisca sp. C and Hartmanodes nyei were highly-ranked among the benthic assemblages throughout the year. In contrast, complete and long lasting (one or more years) disappearance of amphipod communities was recorded at stations in an area of severe oxygen depletion in the Pomeranian Bay of the Southern Baltic Sea (Powilleit and Kube 1999) . More locally, Baustian (2005) confirmed that crustaceans in general and amphipods in particular are absent from muddy areas surrounding Ship Shoal in summer and autumn. As amphipods are known to be affected by low oxygen (Gaston 1985; Wu and Or 2005) , together these results support the hypothesis that Ship Shoal is a hypoxia refuge for benthic species.
Irregular bottom topography in shallow waters such as sand banks and shoals has been known to influence coastal hydrodynamics and bottom boundary layer dynamics (Pepper and Stone 2004) . For instance, such bathymetric elevated areas act as submerged breakwaters, mitigating wave energy, flow patterns, and consequently increase DO concentrations (e.g., Kobashi et al. 2007 ) and the shoal is too shallow to facilitate local stratification (Grippo et al. 2009 ). Moreover, biogenic activity exemplified by the high density of tubiculous polychaetes (e.g., spionids, representing between 30 and 50% of polychaete density, as well as O. fusiformis, or Onuphis eremita occulata) may enhance oxygen flux in sediment surface layer (Jorgensen et al. 2005) . Together, these factors may contribute to Ship Shoals high DO concentrations.
Species abundances exhibited a steady but large rate of decline between spring, summer and autumn, affecting amphipods as well as all other taxonomic groups (except amphioxus). The magnitude and extent of these declines suggest an increase in the rate of mortality that is most likely not due to a short life-span. The most abundant structuring amphipod speciesAcanthohaustorius sp.-exhibit a lifespan of 1.5 years (Sainte-Marie 1991) and the most abundant polychaete family-spionids-exhibit a mean life-span of 1.8 years (McHugh and Fong 2002) . As indicated by our DO measurements (ca. 6 mg l -1 ), a hypoxia event is not likely the cause for such a decrease in species abundances on Ship Shoal. Sedimentation in the form of an ephemeral fluiditic flood layer has been reported to have a dramatic effect on benthic species abundances on the US Pacific Northwest coast (e.g., Wheatcroft and Sommerfield 2005) . However, a 2006 survey done by US Army Corps of Engineers (data available at www.mvn.usace.army.mil/eng/edhd/watercon) did not reveal summer and/or autumn flooding of the Atchafalaya and Mississippi Rivers on the adjacent Louisiana continental shelf that could lead to a large-scale mud-layer deposition. Furthermore, our sediment analyses over the entire Ship Shoal area found that silt and clay was always\2% of the total sediment. Flooding events are most likely to affect Ship Shoal in the winter and spring when continental cold fronts occur and when river flow is high (Allison et al. 2005) . Recent modeling investigations showed that ephemeral and patchy fluiditic mud may occur in spring on Ship Shoal (Kobashi et al. 2007 ). While we did not find evidence of this in our seasonal survey, it may have had adversely affected the benthic populations on a smallscale. Lastly, a seasonal influx of benthic predators may strongly affect benthic populations (e.g., Langlois et al. 2005) . Gelpi et al. (in review) found expectedly high concentrations of spawning/hatching blue crabs Callinectes sapidus in summer 2006 in Ship Shoal, but not in spring trawls. Stable isotopes and gut content data (Gelpi et al. in prep.) showed that these blue crabs actively fed on Ship Shoal. C. sapidus is known to be an important benthic predator which may have a strong influence on polychaete and bivalve populations (Bell et al. 2003) . We suggest here that seasonal blue crab predation (perhaps supplemented by other predators such as white, brown shrimp and croaker) on Ship Shoal may contribute to the observed seasonal decline in the macroinfaunal community.
Is Ship Shoal macrofauna sensitive to sand-mining disturbance?
Ship Shoal has been identified as perhaps the most significant sand resource (ca. 1.6 billion cubic yards of fine sand) in the northern Gulf of Mexico (Drucker et al. 2004) . Dredged sand may be used to supply beach reinforcement and coastal stabilization projects and mitigate Louisiana coastal erosion and wetland loss (Michel et al. 2001) . Much previous research suggests that dredging and mining activities negatively affect, at least temporarily, shoal benthic communities (Newell et al. 1998) . Our study provides baseline information to better understand the ecological services provided by Ship Shoal and to predict its sensitivity to human disturbances in general and sand-mining disturbances in particular. Given the size of Ship Shoal, it is likely that mining would remove only a fraction of the available sand but localized effects may be strong and similar to responses experienced by sandbanks worldwide. Newell et al. (1998) estimated that the rate of recovery for sandy environments after sediment extraction is much longer (2-3 years) than the rate for muddy environments (6-8 months), and may be even longer depending on the amount of sand removed, the proportion of slow-growing species and the intensity of environmental disturbance. Palmer et al. (2008) found that macrofauna off the western coast of Louisiana were not fully recovered 3 years after dredging a sand excavation pit. The macrofauna assemblage of Ship Shoal is species-rich with strongly contrasting life history characteristics compared to the surrounding off-shoal community (Palmer et al. 2008; Baustian et al. 2009 ). Many of Ship Shoal's more abundant species (including B. floridae, Scoloplos sp., Sabellides sp., Terebellides sp. and Dosinia sp., Tellina sp., Ensis sp.) have been designated ''equilibrium species'' (K-strategists) (Newell et al. 1998 ) because they are relatively large in body size, have a slow reproduction rate and a long life-cycle. These species, and the amphipod fauna as a whole, are considered sensitive species (Gesteira and Dauvin 2000) , and are probably controlled by biological interactions rather than extreme changes in environmental conditions on Ship Shoal. Large species accounted for most of the biomass on Ship Shoal, which is high (37.3 g wet weight m
-2 ) compared to other areas of similar water depth (Pinn and Robertson 2003; Thouzeau et al. 1991 ). These observations suggest that Ship Shoal's macrofauna will be strongly affected by and slow to recover from sand extraction. We predict that sand extraction on Ship Shoal and other sandbanks will cause a shift in dominance to small, rapidly-growing species including spionid polychaetes. These ''disturbance specialists'' or ''opportunistic species'' (r-selected species, Pianka 1970) are found throughout the world. They have a rapid rate of reproduction and body growth which facilitates colonization of disturbed habitats (e.g. Dubois et al. 2002; Palmer et al. 2008) , and are less sensitive to sand-mining. The resulting reduction in macrofaunal biomass may elicit indirect effects at higher trophic levels, for example on fishes and crustaceans using Ship Shoal as a foraging ground.
Sand mining will also impact physical factors that have direct and indirect effects on ecological services. Variation in water depth and mean particle size was closely associated with changes in benthic communities across Ship Shoal. Excavation of sand will lead to localized increases in water depth and turbidity (due to the overflow of fine particles). Even small changes in water depth may influence primary production on Ship Shoal. Grippo et al. (2009) found that benthic microalgae may have higher biomass than phytoplankton integrated through the water column on Ship Shoal, suggesting benthic primary production contributes significantly to the shoal's food web. For example, the high macrofaunal biomass we observed may be attributed to high levels of in situ primary production (e.g., our observed correlation between chl a and benthic interface feeders). Changes in primary production and a finer particle size will likely influence the benthic community by reducing community biomass and altering community composition. Higher trophic levels may be influenced by resulting bottom-up effects induced by changes in the biomass or community composition of macrofauna.
Conclusion
Sandy shoals appear to provide key ecological services at multiple trophic levels from all localities studied so far. For example, Vanaverbeke et al. (2007) showed that sand extraction affected the nematode community at the base of the food web from the Kwinte sandbank (Southern Bight of the North Sea). Kaiser et al. (2004) showed that sandbanks on the Welsh coastline (United Kingdom) hosted distinct fish assemblages foraging on benthic species colonizing the sandbanks. McGuire and Winemiller (1998) demonstrated that the presence of sandbanks in the Cinaruco estuary (Venezuela) was associated with a greater frequency of dolphin sightings. Our work suggests that larvae spawned by benthic invertebrates living on Ship Shoal contribute to the recolonization of a nearby seasonally hypoxic ''dead zone'' and that this sandy habitat is a species richness hotspot that hosts a unique macrobenthic community that contrasts strongly with the surrounding deeper muddy community. Ship Shoal offers a hypoxia refuge for benthic species, as well as a settlement area for postlarvae and juveniles, enhancing the survival probability for newly settled species. Ship Shoal might also be an important foraging ground for fishes or large crustaceans preying upon benthic invertebrates, especially when nearby severe hypoxia reduces essential habitat.
The effects of sand-mining on Ship Shoal benthos would likely last for months to years and effects may extend to shoal-dependent nekton by food web interactions. In general, human interventions to combat coastal erosion and shoreline retreat have been shown to cause local ecological impacts and a loss of biodiversity that may have cumulative largescale consequences (Schlacher et al. 2007 ). Because of the scale of this problem, the continued existence of sandy shoals-the main sand resource all over the world-as functional ecosystems is likely to depend on direct conservation efforts. Our work, although not a before-after study, suggests that shoals are more than mineral resources and that sandmining activities should be carried out with caution, especially where sandy shoals differ markedly from surrounding benthic habitats. 
